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Seven transmembrane receptors (7TMRs) exert strong regu-
latory influences on virtually all physiological processes.
Although it is historically assumed that heterotrimeric G pro-
teins mediate these actions, there is a newer appreciation that
�-arrestins, originally thought only to desensitize G protein sig-
naling, also serve as independent receptor signal transducers.
Recently, we found that activation of ERK1/2 by the angiotensin
receptor occurs via both of these distinct pathways. In this work,
we explore the physiological consequences of �-arrestin
ERK1/2 signaling and delineate a pathway that regulatesmRNA
translation and protein synthesis via Mnk1, a protein that both
physically interacts with and is activated by �-arrestins. We
show that �-arrestin-dependent activation of ERK1/2, Mnk1,
and eIF4E are responsible for increasing translation rates in
both human embryonic kidney 293 and rat vascular smooth
muscle cells. This novel demonstration that�-arrestins regulate
protein synthesis reveals that the spectrum of �-arrestin-medi-
ated signaling events is broader than previously imagined.

Seven transmembrane-spanning receptors (7TMRs3/G
protein-coupled receptors), the largest class of cell surface
receptors, regulate nearly every known physiologic process in
mammals. Canonical signaling by 7TMRs involves an agonist-
induced change in receptor conformation that causes the acti-
vation of heterotrimeric G proteins, leading to second messen-
ger generation and downstream signaling. The termination of
this cascade, a process knownas desensitization, occurswhenG
protein-coupled receptor kinases phosphorylate the activated
receptor and promote the subsequent binding of �-arrestins,
which act sterically to block further G protein activation. How-
ever, in recent years a previously unappreciated role of �-ar-
restins has become evident as distinct transducers of 7TMR

signals independent of G proteins. By serving as multiprotein
binding scaffolds,�-arrestins facilitate the activation of numer-
ous signaling pathways, including the mitogen-activated pro-
tein kinases (MAPKs), c-Src, and Akt (1–3). The diverse array
of cellular outcomes that involve�-arrestin-mediated signaling
are just beginning to be appreciated and thus far include che-
motaxis (4), cardiomyocyte contractility (5), and the prevention
of apoptosis (6), among others (2).
One of the most well studied targets of �-arrestin-mediated

signaling from 7TMRs is the MAPK extracellular-regulated
kinase 1/2 (ERK1/2) (7, 8). Classically, G protein stimulation via
second messenger effectors like protein kinase C (PKC) and
protein kinase A promotes ERK1/2 phosphorylation and
nuclear translocation to modulate transcription. However, our
laboratory and others have found that after �-arrestin-depend-
ent ERK1/2 activation, the kinase remains solely in the cyto-
plasm (9, 10), where it presumably phosphorylates a distinct
subset of targets. The elucidation of these cytosolic �-arrestin-
ERK1/2 targets has become a focus of recent study. In reviewing
the literature on such cytosolic substrates of ERK1/2, we found
a number of proteins involved in the modulation of protein
synthesis, including MAP kinase-interacting kinase 1 (Mnk1).
BecauseMnk1 can be activated by a 7TMR (11), the angiotensin
II receptor, we reasoned it might well be a �-arrestin ERK1/2
substrate and that �-arrestins might be involved in signaling to
protein synthesis.
Protein synthetic regulation is critical for cellular growth and

development, and its dysregulation is implicated in numerous
diseases such as Alzheimer disease, tumorigenesis, and various
proliferative conditions such as neointimal hyperplasia (12).
Multiple cell signaling molecules, including ERK1/2, can elicit
changes in the rate of mRNA translation. These situations arise
when environmental conditions demand heightened protein
synthesis, and cells can respond either by increasing the rate of
general translation or that of only a specific subset of mRNAs,
the latter typically occurring through sequence-specific factors
in the 5�-non-translated region of the message. On the other
hand, because nearly all mammalian mRNAs contain a
5�-methylguanosine cap, increasing the assembly of the multi-
protein cap binding complex is one way that cells can elicit
more general increases in message translation.
Themajor rate-limiting factors in cap-dependent translation

are the availability of and mRNA affinity for the cap binding
complex member protein eukaryotic translation initiation fac-
tor 4E (eIF4E). The amount of free eIF4E available for cap bind-
ing is determined by 4E-binding proteins (4EBPs). Only when
the 4EBPs are dephosphorylated are they capable of binding
eIF4E (12). The 4EBP kinase that allows for eIF4E release is the
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mammalian target of rapamycin (mTOR), a protein also impli-
cated in other mRNA translation steps (13). The affinity of
eIF4E for mRNA is determined by its phosphorylation state:
when phosphorylated at serine 209, affinity decreases (14), a
process carried out byMnk1 (15, 16). This decreased affinity for
mRNA cap structure seems counterintuitive for a pathway that
seeks to increasemRNA translation.However, the link between
eIF4E phosphorylation and protein synthesis is well estab-
lished, leading to the hypothesis that cap affinity needs to be
reduced to allow the ribosome to move along the untranslated
mRNA (17). Thus, Mnk1, a serine/threonine kinase and sub-
strate of ERK1/2 and p38 (15, 16), serves as a key point of con-
vergence for signal transduction pathways regulating protein
synthesis. Recently, the potential targeting of Mnk1 for prolif-
erative diseases was described, based on the observation that
HER2-positive breast cancer lines show heightened Mnk1
activity (18).
Using rat vascular smooth muscle cells, Ishida et al. (19)

measured the protein synthetic response to angiotensin II
(AngII) (11). By using a chemical inhibitor of Mnk1 kinase
activity, the authors found that Mnk1 activity was absolutely
required for AngII stimulation of protein synthesis. Also,Mnk1
phosphorylation in response to AngII in these cells was entirely
mediated by ERK1/2, and not by p38 (11). The upstreammedi-
ators of this signaling, however, remain unknown.
Based on the observations that Mnk1 is a target of cytosolic

ERK1/2 (15, 16) and can be activated by the AT1AR (11), we
hypothesized that Mnk1 might be a potential downstream tar-
get of �-arrestin-mediated ERK1/2 signaling. Thus, we sought
to investigate the potential role of �-arrestins in 7TMR signal-
ing to Mnk1 activation and the resulting increase in protein
synthesis.

EXPERIMENTAL PROCEDURES

Plasmids and Cloning—Mnk1 cDNA was amplified from
pEBG3X-Mnk1 (gift from Jonathan Cooper, Fred Hutchinson
Cancer Center) with an N-terminal FLAG epitope and cloned
into pcDNA3.1. For bacterial expression, pGEX-Mnk1 was a
gift from Tony Hunter (Salk Institute). The plasmid encoding
HA-AT1ARhas been previously described (20); AT1ARDRY-AAY

mutant was made by site-directed mutagenesis (QuikChange;
Stratagene) of the wild type plasmid. For the COS7 studies in
supplemental Fig. S2, �-arrestin overexpression plasmids were
described previously (21).
Reagents—(Sar1, Ile4, Ile8)-AngII was synthesized as described

(20, 22) and used at 10 �M in all figures, in accordance with its
KD being �200-fold less than AngII (22). AngII (Sigma A9525)
was used at 100 nM in all figures. Ro31–8425 (1 �M), U0126 (5
�M), and SB203580 (20 �M) were purchased from Calbiochem.
Phospho-Mnk1 and phospho-eIF4E antibodieswere purchased
from Cell Signaling (2111 and 9741). Total Mnk1 and eIF4E
antibodies were purchased from Santa Cruz Biotechnology
(SC-6962 and SC-6968). CGP57380 was a gift from Hermann
Gram, Novartis (Basel, Switzerland) and was used at 30 �M.
Cell Culture—Vascular smooth muscle cells (VSMCs) were

prepared from 10–12-week-old male Sprague-Dawley rats
(�250 g) as previously described (11). VSMCs were cultured in
M199 medium with 10% fetal bovine serum and penicillin/

streptomycin. rVSMCs were used for signaling and translation
assays prior to four passages, due to loss of angiotensin receptor
expression and responsiveness over time. Rat vascular smooth
muscle cells were used because, unlike mouse VSMCs, they
express a tractable amount of AT1AR.HEK-293 andCOS7 cells
were cultured in minimal essential medium with 10% fetal
bovine serum and penicillin/streptomycin as described previ-
ously (23). Transfection of siRNAs inHEK-293swas carried out
using Gene Silencer (Gene Therapy Systems) as described pre-
viously (24). Silencing achieved for �-arrestins was 70–80%,
consistent with previous reports (24, 25). Sequences of human
siRNAs used were the following: �-arrestin 1 (5�-AAAGC-
CUUCUGCGCGGAGAAU-3�), �-arrestin2 (5�-AAGGAC-
CGCAAAGUGUUUGUG-3�), and for supplemental Fig. S2 the
second�-arrestin2 siRNAwas (5�-CCAACCUCAUUGAAUU-
UGA-3�). Pooled human Mnk1 siRNA was purchased from
Santa Cruz Biotechnology (sc-39106). Transfection of plas-
mids for all other experiments in HEK-293 cells was done
using FuGENE 6 (Roche Applied Science) according to the
manufacturer’s protocol. For siRNA experiments in rat cells,
siRNAs were the following: �-arrestin2-1 (5�-AAGGACCG-
GAAAGTGTTTGTG-3�) and �-arrestin2-2 (5�-ACCAAC-
CTCATTGAATTCGA-3�). Pooled murine Mnk1 siRNA
was purchased from Santa Cruz Biotechnology (sc-39107).
Transfection was achieved using 60 �l of Lipofectamine/
10-cm dish of rVSMCs at 90% confluence according to the
manufacturer’s protocol.
Immunoprecipitations and Western Blots—For IPs, HeLa

cells (500 �g of total protein/sample) or mouse tissue homoge-
nate (1 mg/sample) in radioimmune precipitation lysis buffer
was pre-cleared with protein A beads and then incubated with
A1CT antibody (26) or an equivalent volume of preimmune
serum from the same rabbit. 24 h later, bound proteins were
precipitated with protein A-agarose beads and washed several
times with radioimmune precipitation buffer. Western blots
were carried out according to standard protocols. �-Arrestins
were detectedwith amonoclonal antibody (BD610550). For the
antigen-blocking experiment, A1CT-coated beads were preincu-
batedwith100ngof recombinant rat�-arr1 (or equivalent volume
of buffer) and washed thoroughly before proceeding with IP. For
epitope-tagged proteins, HA antibody was Covance 12CA5 and
FLAGantibodywasM2(SigmaF9291). For agonist-stimulated IPs
the time point was 30 min. Detection of �-arr2 in rVSMCs was
performed with A2CT antibody (26).
Protein Synthesis Measurements—Rat VSMCs or HEK-293

cells were seeded in 12-well plates. After 24 h the medium was
replaced with serum-free medium. 24 h later, 2 uCi/ml of
[3H]leucine (NET460005MC; Amersham Biosciences) and
either phosphate-buffered saline (for nonstimulated condi-
tions), 100 nM AngII, or 10 �M SII were added to the medium.
24 h later, medium was removed and newly generated protein
was quantitated as previously described (11).

RESULTS

Mnk1 Activation Occurs in an ERK-dependent but PKC-
independent Manner—In HEK-293 cells, AT1AR activation
leads to ERK1/2 phosphorylation by both G protein/PKC
and �-arrestin-dependent mechanisms (9, 20, 27). In the
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presence of a PKC inhibitor, all AngII-induced ERK1/2 phos-
phorylation is carried out by the �-arrestin2-specific signaling
arm (27). Thus, if AngII stimulation leads to phosphorylation of
a protein that is resistant to PKC inhibition, but is sensitive to
ERK inhibition, it is a candidate �-arrestin signaling target. We
used this rationale as a screening strategy to identify potential
�-arrestin-ERK1/2 signaling targets among a panel of known
cytosolic ERK1/2 substrates. One protein, Mnk1, showed the
expected pattern of a �-arrestin target but was very difficult to
detect at endogenous levels in HEK-293 cells. Thus, we gener-
ated stable cells that express both the AT1AR and Mnk1 to
further investigate this protein. These cells were pretreated
with vehicle (Me2SO) or chemical inhibitors of PKC (Ro31–
8425), MEK (U0126), p38 (SB203580), or a combination of
inhibitors and then stimulated with AngII as shown in Fig. 1.
AngII-induced Mnk1 phosphorylation was primarily depend-
ent on ERK1/2 rather than p38, especially at later time points,
consistent with previously published data for Mnk1 activation
in rat vascular smooth muscle cells (11). In the early portion of
the curve, there was a slight effect of p38 inhibition, PKC inhi-
bition, and MEK inhibition, suggesting that all three effectors
can contribute to Mnk1 phosphorylation at these shorter time
points. The virtual superimposition of the p38 and PKC inhibi-
tion curves suggests that p38 and PKC may lie in the same

pathway, which is parallel to and independent of the ERK1/2
pathway. Further support for this idea is provided by the addi-
tive nature of these curves. As can be seen in Fig. 1,C andD, the
Mnk1 phosphorylation that is resistant to MEK inhibition
(U0126) added to either the PKC-inhibited curve (Ro31) or
p38-inhibited curve (SB) accounts for the totalMnk1 phospho-
rylation activity, drawn in blue lines. Similarly, the subtraction
of theMEK-inhibited curve from the total activity curve results
in a curve that perfectly overlies either the PKC- or p38-inhib-
ited curve (Fig. 1D). At later times, Mnk1 phosphorylation is
largely resistant to p38 and PKC inhibition, which strongly sug-
gests G protein independence. These kinase inhibitor studies
indicate that in HEK-293 cells activation of Mnk1 occurs
through two pathways, one of which relies uponG protein acti-
vation, PKC, and p38 and the other which is likely mediated by
�-arrestin2-dependent ERK1/2 signaling.
Mnk1 and eIF4E Activation Depends upon Expression of

�-Arrestin2—We used siRNA to directly test the involvement
of �-arrestins in the AngII-induced Mnk1 activation in the
same cell system used for Fig. 1. �-arrestin1 silencing had a
small effect at early time points compared with control siRNA
but had no effect at 30 and 60 min, times when Mnk1 was fully
activated (Fig. 2A). However, �-arrestin2 siRNA inhibited
Mnk1 phosphorylation at all time points tested by �50%. The

FIGURE 1. Sensitivity of AngII-stimulated pMnk1 activation to kinase inhibitors. A, HEK-293 cells stably expressing HA-AT1AR and Mnk1 were serum-
starved for 16 h, pretreated with vehicle Me2SO (DMSO) or the indicated kinase inhibitor for 30 min, and then stimulated with 100 nM AngII for the indicated
times. Western blots for phospho-Mnk1 and tMnk1 were performed. The percentage of pMnk1/tMnk1 was calculated for each data point and plotted as a
percentage of maximal activity (Me2SO-treated cells at 30 min) � S.E. These data represent the average � S.E. of seven independent experiments. B, repre-
sentative pMnk1 Western blots. C, means of individual data points (as a percent of maximal stimulation) up to 30 min from experiments performed in A.
D, calculations based on addition or subtraction of means from A as shown in the legend. Solid lines in C represent actual data; dashed lines in D represent
mathematically calculated values.
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pMnk1 signal that persisted after�-arrestin2 siRNAwas largely
the result of PKC-dependent, MEK-independent signaling, as
predicted from the kinase inhibitor studies in Fig. 1 (data not
shown). Western blotting for �-arrestins demonstrates that
siRNA silencing was �70%, consistent with the amount of
silencing previously reported (24). A second siRNA sequence
targeting a different portion of the �-arrestin2 mRNA was also
tested and a similar result was obtained (supplemental Fig.
S1A), thus confirming the necessity of �-arrestin2 expression
for full Mnk1 activation. Similarly, overexpression of �-arres-
tin2, but not �-arrestin1, in Cos7 cells, which have low levels of
endogenous �-arrestins, resulted in an increase in Mnk1 phos-
phorylation (supplemental Fig. S1B).
To confirm that �-arrestin-mediated Mnk1 activation

indeed continues down the pathway to eIF4E, we used a similar
approach (Fig. 2B). We found that eIF4E phosphorylation in
HEK-293 cells stimulated by AngII was significantly inhibited
by �-arrestin2 siRNA (Fig. 2B), indicating that �-arrestins are
capable of signaling to eIF4E, the rate-limiting step in cap-de-
pendent translation.

�-Arrestins Physically Interact with Mnk1—�-Arrestins are
known to serve as scaffolds for the activation of numerous sig-
naling molecules (1), including ERK in complex with Raf-1 and
Mek-1. Based on the above observations, we speculated that
similar to other MAPK pathway members, Mnk1 might be

found in a complexwith�-arrestins.
Thus, we performed immunopre-
cipitations using an antibody that
recognizes both �-arrestin1 and -2
from either HeLa cells (Fig. 3A) or
mouse spleen (Fig. 3B) and immu-
noblotted for Mnk1. We found that
Mnk1was�10-foldmore abundant
in samples immunoprecipitated
with the �-arrestin antibody versus
an equivalent amount of pre-im-
mune serum from the same rabbit.
These results were consistent across
all mouse tissues tested, including
skeletal muscle, heart, kidney, and
liver (data not shown). Further,
when the �-arrestin antibody-
coated beads were preincubated
with the immunizing antigen, the
Mnk1-�-arrestin co-immunopre-
cipitation was blocked (data not
shown). These results confirm a
specific physical interaction of
these proteins at endogenous
expression levels in cultured cells
as well as in vivo.

To determine whether there was
�-arrestin isoform specificity for
the physical interaction with
Mnk1, we transfected HEK-293
cells with Mnk1 and epitope-
tagged �-arrestin1 or -2 (Fig. 3C).
We then immunoprecipitated the

�-arrestins with epitope antibody and compared the levels of
Mnk1. Although both �-arrestins bound more Mnk1 than
the control condition, �-arrestin2 bound much more
robustly than �-arrestin1. A reciprocal immunoprecipita-
tion of Mnk1 followed by �-arrestin Western blotting was
also performed and confirmed the interaction (Fig. 3D).
In other systems, such as ERK1/2 and JNK3 (8, 21), the func-

tional significance of �-arrestin scaffolding is to activate the
target kinase by giving it access to its upstream activator. Thus,
we explored whether agonist stimulation could modulate the
interaction of �arrestin-2 and Mnk1 using a co-immunopre-
cipitation assay. We observed a moderate, yet significant,
increase in the amount of Mnk1 immunoprecipitated by �-ar-
restin2 after stimulation of the AT1AR with either AngII or SII
for 30 min (Fig. 3E). Also, the cellular stores of Mnk1 bound by
�-arrestin2 were phosphorylated upon receptor stimulation, as
confirmed by immunoblotting for phospho-Mnk1 in the �-ar-
restin2 immunoprecipitation (supplemental Fig. S3). These
data suggest a dynamic interaction of �-arrestin2 and Mnk1
that can be regulated by the receptor and that may facilitate
Mnk1 phosphorylation. Alternatively, the basal interaction of
these two proteins alone may be important for facilitating
Mnk1 phosphorylation.

�-Arrestin-mediated Signaling to Mnk1—As mentioned
above, whenAngII binds the extracellular surface of theAT1AR

FIGURE 2. Effect of �-arrestin siRNAs on AngII-stimulated pMnk1 and peIF4E activation. A, HEK-293 cells
stably expressing HA-AT1AR and Mnk1 were transfected with either control siRNA (CTL) or �-arrestin1-specific
or �-arrestin-2-specific siRNAs (�-arr1, �-arr2). 72 h post-transfection, cells were serum-starved for 16 h and
stimulated with 100 nM AngII for the indicated times. Western blots for phospho-Mnk1 and total Mnk1 were
performed. The percentage of pMnk1/tMnk1 was calculated for each data point and plotted as a percentage of
maximal activity (CTL-transfected cells at 30 min). These data represent the average of six independent exper-
iments � S.E. Representative pMnk1- and �-arrestin-silencing Western blots are shown. B, cells were treated as
in A and stimulated with 100 nM AngII for 30 min, and Western blots were performed for phospho-eIF4E and
total eIF4E. Data in graph represent the means � S.E. of five experiments; statistical significance was calculated
by one way ANOVA with post-test comparison of AngII-stimulated populations (*, p � 0.05). Representative
Western blot for p-eIF4E is shown.
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it stimulates the independent coupling of receptor to both G
protein- and �-arrestin-mediated signaling pathways (20). To
circumvent the issues of discerning which pathway is eliciting a
particular response, we utilized two reagents that specifically
activate only the�-arrestin signaling arm. S1I4I8-AngII (SII) is a
mutated peptide analog of the natural ligand that induces a
receptor conformation that is unable to activate G�q yet main-
tains the capacity to activate ERK1/2 in a �-arrestin-dependent
manner (20, 22). Similarly, the AT1AR-DRY/AAYmutated recep-
tor, when treatedwithAngII, only activates�-arrestin signaling
and does not couple to G proteins (20, 28). Hence, these
reagents allow for clearer investigation of the role of �-arrestin
inMnk1 activation. InHEK-293 cells, SII stimulated significant
Mnk1 phosphorylation,�22% as well as AngII.We believe that
this lower response, though statistically significant, is likely
because the SII peptide leads to exclusive, albeit less efficient,
coupling of the receptor to the �-arrestin signaling pathway.
The SII mechanism for Mnk1 activation was dependent
upon ERK1/2, but not PKC, activity (Fig. 4A). Similarly, the
AT1AR-DRY/AAY, which is uncoupled from G proteins yet
still recruits �-arrestins and leads to ERK1/2 activation, also
stimulated Mnk1 activation (Fig. 4B). We also observed that
eIF4E phosphorylation could be stimulated via SII-AngII

treatment of the wild type AT1AR or by AngII stimulation of
the AT1AR-DRY/AAY mutated receptor (data not shown).

�-Arrestin2 and Mnk1 Dependence of AngII-induced Protein
Synthesis—The terminal event in the Mnk1 signaling pathway
is the stimulation of protein synthesis. As has been observed in
other systems, AngII treatment led to an increase in protein
synthesis by �50% in AT1AR-stable HEK-293 cells. Interest-
ingly, SII stimulation also resulted in significant increases in
protein synthesis over basal rates, with a magnitude of about
half that observed with AngII (Fig. 5A). We confirmed that this
pathway required�-arrestin2 expression by using siRNA trans-
fection and found that AngII-induced translation was reduced
and SII-induced translation was completely inhibited in the
presence of a�-arrestin2-silencing RNA. Importantly, the basal
rate of protein synthesis did not change upon transfection of
�-arrestin2 siRNA. We also performed this assay in the pres-
ence of Mnk1 siRNAs and found that although the basal rate
was decreased there was no significant increase imparted by SII
stimulation of the receptor, indicating that the �-arrestin-me-
diated pathway requires Mnk1 activity. We further used a
chemical inhibitor of Mnk1, CGP57380, to demonstrate the
necessity ofMnk1 in �-arrestin-mediated protein synthesis. As
shown in Fig. 5B, pretreatment of AT1AR-expressing cells with

FIGURE 3. �-Arrestins physically interact with Mnk1 in vivo and in vitro. A, HeLa cells were lysed and immunoprecipitated with a �-arrestin-specific antibody
(A1CT) or pre-immune serum from the same rabbit. Western blots were performed with antibodies to detect human Mnk1 (upper panel) or a monoclonal
antibody to detect immunoprecipitated �-arrestins (lower panel). B, spleens were harvested from C57Black6 mice and immunoprecipitated with A1CT or
pre-immune serum. Western blots were performed with an antibody for murine Mnk1 or with a monoclonal �-arrestin antibody. C, Mnk1 and �-arrestins
interact in transfected cells. HEK-293 cells stably expressing Mnk1 were transfected with empty vector or plasmids expressing �-arrestin1-FLAG or �-arrestin2-
FLAG and immunoprecipitated with a FLAG-M2 antibody. Western blots were performed for Mnk1. D, reciprocal IP. Empty vector or Mnk1-FLAG expression
plasmid was cotransfected with a �-arrestin2-HA expression plasmid. Lysates were immunoprecipitated with a FLAG-M2 antibody, and HA Western blots were
performed to detect �-arrestin2. All results shown are representative of three similar experiments. E, agonist effect on IP. Similar methods as in C, except cells
were serum-starved and stimulated for 30 min with AngII or SII. Results of six experiments � S.E. are shown in the graph. NB, no bait control, NS, nonstimulated.
NB versus NS (p � 0.05), NS versus AngII (*, p � 0.05) or SII (*, p � 0.05).
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the Mnk1 inhibitor CGP57380 had very little effect on AngII-
stimulated protein synthesis from the wild type receptor in
these cells. However, in AT1AR-DRY/AAY-expressing cells, inhi-
bition by the Mnk1 inhibitor was all but complete, indicating
total reliance upon the �-arrestin-Mnk1 pathway for this
receptor. These data suggest that inHEK-293 cells, protein syn-
thesis can be stimulated by the AT1AR in at least two ways, one
of which requires �-arrestin2 and Mnk1 activity and another
that requires G protein activity and is not as sensitive to Mnk1
kinase inhibition.

�-Arrestin-dependent Mnk1 Phosphorylation and Protein
Synthesis in rVSMCs—Rat VSMCs serve as an excellent model
for endogenous AngII receptor biology and have been previ-
ously reported to requireMnk1 activity for AngII-induced pro-
tein synthesis (11). To investigatewhether�-arrestins are capa-
ble of linking 7TMR signaling to Mnk1 activity and translation
in these cells, we used a variety of approaches, including both
AngII and SII stimulation of endogenously expressed AngII
receptors, kinase inhibitors, and siRNAs targeting rat Mnk1
and rat �-arrestin2. In Fig. 6A, we observe that AngII and SII
stimulation for 30 min results in dramatic increases in Mnk1
phosphorylation, which are not reduced by PKC inhibition but
almost completely abolished by ERK1/2 inhibition. Surpris-
ingly, PKC inhibition serves to increase signaling from both
AngII and SII. This may be the result of suppressing PKC-me-
diated inhibition of the �-arrestin arm of signaling or releasing
PKC-mediated inhibition of Mnk1 phosphorylation itself.
Using a fluorescent calcium-sensing dye, we further confirmed
that SII was unable to stimulate any G protein coupling in
rVSMCs (data not shown). Unlike the case with HEK-293 cells,
which derive �25% of their total Mnk1 activation through a
pathway involving PKC, rVSMCs do not seem to rely upon this
pathway at all, suggesting a nearly complete independence from

G protein activity for Mnk1 phos-
phorylation in these cells. We fur-
ther investigated the potential role
of �-arrestins in Mnk1 phosphoryl-
ation in rVSMCs by transfecting
siRNA for �-arrestin2. In the pres-
ence of either of two different siR-
NAs for rat �-arrestin2, AngII-in-
duced pMnk1 was greatly reduced
and SII-induced pMnk1 was abol-
ished (Fig. 6B). These studies con-
clusively link �-arrestin signaling to
Mnk1 phosphorylation in this phys-
iologically relevant system.
When we examined AngII-in-

duced increases in protein synthesis
in rVSMCs, we observed an �50%
increase over basal (Fig. 6C), similar
to previously published results (11).
We then reasoned that if SII could
reproduce the effects of the natural
ligand AngII, then �-arrestins are
likely to be involved in this signal
transduction process. We found
that AngII treatment leads to an

�50% increase in translation rate but, strikingly, SII also led to
significant increases in translation over basal rates, with the
magnitude being nearly half that produced by AngII (Fig. 6C).
When we directly investigated the effect of �-arrestin2 and
Mnk1 siRNAs on the rate of translation, we found that both
proteins were absolutely required for AngII-induced increases
(Fig. 6D). These findings clearly show that in rVSMCs SII and
the natural ligand AngII are activating a signaling pathway to
Mnk1 and protein synthesis. Further, our siRNA data conclu-
sively demonstrate that this pathway is comprised of both�-ar-
restin-mediated signaling and Mnk1 activation in rVSMCs.

DISCUSSION

Here we describe the novel finding that �-arrestin is neces-
sary for full stimulation of protein synthesis by agonism of a
model 7TMR.Although it has been known for several years that
�-arrestins transduce receptor signals to multiple biochemical
pathways, the cellular outcomes of this signaling have not been
clear. The results presented here demonstrate the first example
of a �-arrestin-dependent signaling target downstream of
ERK1/2 and introduce the regulation of translation as one of
many cellular outcomes of this new signaling paradigm, thus
solidifying the appreciation of �-arrestins as positive regulators
of receptor signaling.
Cellular regulation of protein synthetic rates is complex and

as yet incompletely understood. In particular, the exact roles of
Mnk1 and eIF4E in the regulation of this process have been
controversial. From their discovery (15, 16), these two proteins
were believed to lie in a stimulatory pathway of sequential phos-
phorylation that results in a change in mRNA cap binding and
translation. However, subsequent reports have disputed the
necessity of these proteins for this signaling cascade. For exam-
ple, it has been reported that siRNA targeting Mnk1, which

FIGURE 4. Selective �-arrestin pathway stimulation via SI4I8 AngII or AT1ARDRY/AAY results in Mnk1 acti-
vation. A, HEK-293 cells stably expressing HA-AT1AR and Mnk1 were serum-starved and pretreated with
Me2SO (DMSO), U0126, or Ro31– 8425 for 30 min, followed by stimulation with either 100 nM AngII or 10 �M SI4I8

AngII for 30 min. Western blots for phospho-Mnk1 and total Mnk1 were performed. The percentage of pMnk1/
tMnk1 was calculated and plotted as a percentage of maximal AngII-mediated activity. Results are represent-
ative of six independent experiments � S.E. Post test comparisons: NS versus AngII (**, p � 0.001), NS versus SII
(*, p � 0.01), Ro31 NS versus Ro31 SII (**, p � 0.01), SII versus U0126 SII (p � 0.01), U0126 NS versus U0126 SII (not
significant). NS, nonstimulated. B, HEK-293 cells were transiently transfected with a plasmid encoding the
HA-AT1ARDRY/AAY mutant (which is uncoupled from G protein signaling) and Mnk1. Cells were serum-starved
and stimulated with 100 nM AngII for the indicated times. Western blots for phospho-Mnk1 were performed
and quantitated as in A. Results are representative of the mean of three independent experiments � S.E.
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eliminated eIF4E phosphorylation, had no effect on protein
synthesis in HEK-293 cells (29). Similarly, the Mnk1/Mnk2
knock-out mouse is viable and fertile, with no obvious pheno-
type despite a complete lack of phosphorylated eIF4E (30). This
may reflect a conditional specificity, where Mnk1 and eIF4E
increase translation only in response to certain upstream stim-
uli, as we have reported here for AngII. Numerous others have
reported the necessity forMnk1 or eIF4E in translation, partic-
ularly in cardiac cells (11, 31, 32), supporting the observations
made in this report.
In HEK-293 cells, our current understanding of the signaling

pathway originating from the AT1AR and culminating in
increased protein synthesis involves many signaling intermedi-
ates (supplemental Fig. S1). These pathways, which include ele-
ments such as mTOR, P70-S6 kinase, and eIF4B, can act in
parallel (12). One way in which this is accomplished is through

eIF4E, which must be freed from
4EBP1 before it can be phosphoryl-
ated by Mnk1. When phosphoryla-
ted by mTOR, 4EBP1 is unable to
trap eIF4E. The AT1 angiotensin
receptor activates mTOR via a
calcium-dependent pathway, reflec-
tive of G�q activation (33). Thus, it
appears that the receptor can stim-
ulate protein synthesis by two con-
certed pathways, G protein-me-
diated signaling accounting for
mTOR activation and �-arrestin
signaling resulting in phosphoryla-
tion and activation of Mnk1 and
eIF4E. In this model, stimulation of
the Mnk1 pathway alone might
result in increased protein synthesis
to varying degrees, dependent on
the basal activation and other
eIF4F components, such as eIF4B.
This feature of the model explains
why SII stimulation of the AngII
receptor results in protein synthe-
sis increases that are significant,
yet blunted by comparison to
AngII. Similarly, the basal level of
phosphorylated eIF4E in a given
cell system could dictate its ability
to stimulate mRNA translation
independent of Mnk1 activation.
However, maximal activation only
occurs when both pathways are
stimulated.
We document here that the main

upstream contributor to Mnk1
phosphorylation inHEK-293 cells is
ERK1/2, and not p38. These data are
similar to what has been reported
using rVSMCs, where ERK was the
singular contributor to Mnk1 phos-
phorylation in these cells (11). How-

ever, we also found that AngII-stimulated HEK-293 cells can
increase protein synthesis independent ofMnk1, unlike the sit-
uation in rVSMCs, which cannot carry out AngII-stimulated
protein synthesis in the presence of a Mnk1 inhibitor (11) or
Mnk1 siRNA (Fig. 6D). Although the data from rVSMCs is
clearly the more physiologically relevant result, especially with
regard to AngII-responsive tissues, the HEK-293 cell data dis-
playing translational independence fromMnk1might be reflec-
tive of the biology of other cell types in the body.
The experiments performed here used theAT1AR as amodel

receptor; however, the central finding that�-arrestin-mediated
ERK1/2 signaling leads to increased protein synthesis might
well be reflective of the biology of many 7TMRs. For example,
the prostaglandin2 receptor EP4, which is G�s-coupled, was
shown to stimulate cardiac myocyte hypertrophy via a PKA-
independent mechanism that required ERK1/2 activation (34).
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FIGURE 5. Angiotensin-induced protein synthesis is dependent upon �-arrestin2 expression and
Mnk1 activity. A, HEK-293 cells stably expressing the AT1AR were transfected with either control siRNA
(CTL), �-arrestin2 siRNA (�-arr2), or Mnk1 siRNA (Mnk1) for 48 h. Cells were serum-starved for an additional
24 h to arrest cycling. Phosphate-buffered saline (nonstimulated), AngII (100 nM), or SII-AngII (10 �M)
along with 3H-labeled leucine was added to the medium; 24 h later, cells were harvested as described
under “Experimental Procedures” and radiolabeled proteins were precipitated and quantitated. Data
have been normalized such that the control siRNA, nonstimulated is set to 100%. Results are representa-
tive of nine independent experiments each performed, at a minimum, in duplicate. Statistical significance
was calculated using one-way ANOVA with post test CTL NS versus CTL AngII (***, p � 0.001) or CTL SII (*,
p � 0.05) and CTL AngII versus �-arr2 (**, p � 0.01) AngII and Mnk1 AngII (**, p � 0.01). B, HEK-293 cells
either stably expressing HA-AT1AR or transiently expressing HA-AT1ARDRY/AAY (as indicated) were serum-
starved for 24 h and then pretreated for 1 h with either Me2SO (DMSO) or 30 �M CGP57380, the Mnk1
inhibitor (reported IC50 2.2 �M). Cells were then stimulated with AngII in the presence of [3H] leucine for
24 h, and protein synthesis was calculated as described in A. Results depicted represent the mean of four
independent experiments � S.E. Using a one-way ANOVA with post test, the Me2SO AngII-stimulated
condition is significantly greater (*, p � 0.05) than the CGP AngII condition for each receptor.
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Also, the G�i-coupled lysophosphatidic acid receptor, which
we have previously shown signals via �-arrestins in cultured
cells (35), is also capable of stimulating protein synthesis
through eIF4E phosphorylation (36). These results may well be
explained by �-arrestin-dependent ERK1/2 signaling that acti-
vates the downstream target Mnk1.
The findings that �-arrestins are necessary for activation of a

signaling pathway, such as the one described here, would have
been quite surprising only a few years ago. However, the pre-
ponderance of recent data, in agreement with what we have
found here, supports the idea that �-arrestins can act as trans-
ducers of receptor signals. For signaling pathways such as JNK3
(21, 37) and ERK1/2 (8), themechanism of�-arrestin-mediated
activation involves a scaffolding of upstreamkinases. In the case
of the Raf-1,Mek1, and ERK1/2�-arrestin scaffold, the amount
of ERK1/2 bound by �-arrestin increases after agonist stimula-

tion and phosphorylated ERK remains associated with �-arres-
tin after activation (8, 38). Mnk1 is a known binding partner of
ERK1/2, and the complex dissociates upon ERK1/2 activation
(16). This suggests a direct interaction of �-arrestin2 and
Mnk1; however, we have been unable to detect such an inter-
action using purified recombinant proteins in vitro (data not
shown). Nonetheless, we feel that these data do not definitively
rule out the possibility that such an interaction exists in vivo.
Our data suggest that by tethering activated ERK1/2, �-arres-
tin2 may allowMnk1 preferential access to its upstream kinase
for activation, evidenced by the presence of phosphorylated
Mnk1 in the�-arrestin2-bound fraction (supplemental Fig. S3).
Although the SII ligand and the AT1ARDRY/AAY receptor can

both activateMnk1 and eIF4E phosphorylation, as well as stim-
ulate protein synthesis, we do not endorse a direct comparison
of the magnitude of these responses with that of the natural

FIGURE 6. �-Arrestin2 signaling stimulates Mnk1 activation and protein synthesis in vascular smooth muscle cells. A, rVSMCs were serum-starved and
pretreated with vehicle Me2SO (DMSO), the PKC inhibitor Ro31– 8425, or the MEK inhibitor U0126 for 30 min. Cells were stimulated with either 100 nM AngII (A)
or 10 �M SII-AngII (S) for an additional 30 min. Western blots for pMnk1 were performed and quantitated. Results depicted are representative of four
experiments � S.E. Statistical significance was calculated using a one-way ANOVA with post test. Me2SO-nonstimulated was compared with the following,
Me2SO AngII (**, p � 0.01), Me2SO SII (*, p � 0.05), Ro31 AngII (***, p � 0.001), and Ro31 SII (**, p � 0.01). No other conditions are significant with respect to the
Me2SO-nonstimulated group. B, rVSMCs were transfected with siRNA for �-arr2 and subjected to pMnk1 analysis as in A at 96 h post-transfection. Graph depicts
results from six experiments � S.E. Statistical significance was calculated using a one-way ANOVA with post test. CTL-nonstimulated was compared with CTL
AngII (***, p � 0.001) and CTL SII (**, p � 0.01). CTL AngII was compared with �arr2 AngII (**, p � 0.01). No other comparisons are significant. C, rat vascular
smooth muscle cells (rVSMC) were serum-starved and stimulated with AngII or SII in the presence of [3H]leucine for 24 h. Radiolabeled proteins were
quantitated as described under “Experimental Procedures.” Data are normalized such that nonstimulated cells are set to 100%. Results depicted are repre-
sentative of four experiments (means � S.E.). Statistical significance was calculated using a one-way ANOVA with post test: N.S. versus AngII was *, p � 0.01 and
N.S. versus SII was **, p � 0.05. D, rVSMC were transfected with siRNAs for �-arrestin2 or Mnk1 and subjected to protein synthesis analysis as in C at 96 h
post-transfection. Results depicted are representative of six experiments (means � S.E.). Statistical significance was calculated using a one-way ANOVA with
post test. CTL N.S. compared with CTL AngII was *, p � 0.05. CTL AngII compared with �arr2 AngII and Mnk1 AngII were both **, p � 0.01.
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ligand or the wild type receptor. We believe these signaling
events are driven by alterations in receptor conformation
rather than simple inhibition or promotion of one arm of sig-
naling over another. For example, it is possible that SII is capa-
ble of constraining the receptor in a conformation that is exclu-
sive to �-arrestin recruitment and signaling, yet is less efficient
at doing so. Indeed, there exists mutational evidence for a con-
formation of the receptor induced by SII that is distinct from
that induced by AngII (39). As such, for the purposes of this
report, the fact that the �-arrestin-specific mutant ligand and
receptor can signal to Mnk1 activation is more important than
the magnitude of the response.
With regard to AT1AR and �-arrestin signaling to ERK1/2,

there exists a phenomenon referred to as reciprocal regulation
(27) whereby one isoform of �-arrestin facilitates the signal
while the other inhibits it. For the AT1AR, only �-arrestin2
siRNA lowers ERK1/2 phosphorylation, while �-arrestin1
siRNA increases it (27). The exact mechanism for this is not
known, although �-arrestin dimerization and competition for
receptors among �-arrestin isoforms have been offered as
explanations (1). For Mnk1 phosphorylation, we did not detect
a reciprocal regulation. Only �-arrestin2 siRNA affectedMnk1
activity, whereas �-arrestin1 had little to no effect (Fig. 2).
These data agree with the immunoprecipitation data, which
show a preferential binding ofMnk1 and�-arrestin2 over�-ar-
restin1. This lack of reciprocal regulation could be due to the
fact that while ERK1/2 is downstream of both G protein and
�-arrestin pathways, Mnk1 is primarily a �-arrestin signaling
component in these cells. Thus, the cellular pools of ERK1/2
that are affected by �-arrestin1 siRNA may not have access to
Mnk1.
The finding that there are two pathways that lead from the

AT1AR toMnk1 activation in HEK-293 cells parallels what has
been observed for other �-arrestin-mediated signaling events.
For example, whereas AngII-stimulated ERK phosphorylation
is primarily G protein- and PKC-mediated at early time points,
late ERK activity depends upon �-arrestins (9). Here, we
describe an early component of Mnk1 signaling that is both
p38- and PKC-mediated, but also a later component that is
ERK-mediated and PKC-independent (Fig. 1C). The reason for
having two, seemingly redundant, pathways remains unclear.
One possible explanation is that, as in the ERK situation, the
spatial and temporal separation may be important for deter-
mining the downstream outcomes. For example, Mnk1 was
shown to be important for mRNA stability independent of
eIF4E, suggesting that Mnk1 may act as a kinase for other sub-
strates besides eIF4E (9, 40). Thus, subcellular localization of
these potential Mnk1 targets may be important in determining
which activated pool of Mnk1 has access to various substrates.
As other targets become identified, the involvement of �-arres-
tin in their activation can be assessed.
In summary, the work described here conclusively shows

that �-arrestin2 expression is necessary for activation of a sig-
naling pathway that begins with ERK1/2 phosphorylation, con-
tinues to Mnk1 and eIF4E activation, and results in increased
protein synthesis. These findings further expand the signaling
functions of �-arrestins to regulation of the critical cellular
process of mRNA translation and protein synthesis.
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